IMPORTANCE Individuals in the presymptomatic stage of Alzheimer disease (AD) are increasingly being targeted for AD secondary prevention trials. How early during the normal life span underlying AD pathologies begin to develop, their patterns of change over time, and their relationship with future cognitive decline remain to be determined. A subset (n = 74) had also undergone longitudinal amyloid positron emission tomographic imaging with Pittsburgh compound B (PiB) in the same period. Serial CSF samples were analyzed for β-amyloid 40 (Aβ40), Aβ42, total tau, tau phosphorylated at threonine 181 (P-tau 181 ), visinin-like protein 1 (VILIP-1), and chitinase-3-like protein 1 (YKL-40). Within-person measures were plotted according to age and AD risk defined by APOE genotype (ε4 carriers vs noncarriers). Linear mixed models were used to compare estimated biomarker slopes among middle-age bins at baseline (early, 45-54 years; mid, 55-64 years; late, 65-74 years) and between risk groups. Within-person changes in CSF biomarkers were also compared with changes in cortical PiB binding and progression to a CDR higher than 0 at follow-up.
marker data suggest that AD pathology begins to accrue approximately 10 to 20 years before any cognitive signs or symptoms (termed asymptomatic or preclinical AD), [3] [4] [5] [6] [7] [8] [9] [10] [11] thus providing a window of opportunity for the initiation of secondary prevention trials that aim to prevent the development of symptoms in individuals while they are still cognitively normal. 12 How early during the normal life span such pathologies begin to develop, their patterns of change over time, and their relationship with future cognitive decline remain to be determined. Because, by definition, preclinical AD eludes detection by current clinical measures, disease-specific biomarkers are necessary to identify individuals in this asymptomatic stage. To this end, the Adult Children Study (ACS) of the Knight Alzheimer's Disease Research Center at Washington University, St Louis, Missouri, was initiated. The ACS is a longitudinal clinical and biomarker research study of cognitively normal, middle-aged adults exhibiting different AD risk profiles including age, family history of AD, and APOE genotype (APOE ε4 carriers vs noncarriers). 13 Participants undergo comprehensive, longitudinal clinical and psychometric assessments and evaluation of biomarkers in cerebrospinal fluid (CSF) and plasma, along with several imaging modalities. We hypothesized that biomarker patterns indicative of underlying AD pathology would be evident in a subset of cognitively normal individuals during middle age, at a greater frequency in those at higher risk for AD (ie, older and/or carrying the ε4 allele of APOE), and would increase in severity over time, ultimately culminating in cognitive decline.
The 3 CSF biomarker analytes that reflect the core neuropathologies in AD, β-amyloid 42 (Aβ42; the primary constituent of amyloid plaques), total tau (a marker of neuronal injury and/or death), and hyperphosphorylated tau (P-tau; forms intraneuronal neurofibrillary tangles), demonstrate excellent diagnostic and prognostic utility in research cohorts. 10, 14, 15 Other recently identified biomarkers, including visinin-like protein 1 (VILIP-1) and chitinase-3-like protein 1 (YKL-40) (markers of neuronal death and gliosis/neuroinflammation, respectively) have also demonstrated clinical utility in AD, especially when combined in an algorithm with CSF Aβ42. [16] [17] [18] [19] [20] This first report of longitudinal biomarker changes in the ACS cohort describes the within-person trajectories of these CSF biomarkers over time and their association with longitudinal changes on in vivo amyloid imaging and future cognitive decline as a function of risk conferred by APOE genotype.
Methods

Participants
Participants were cognitively normal, community-dwelling research volunteers enrolled in the ACS at the Knight Alzheimer's Disease Research Center at Washington University. Inclusion criteria include the following: (1) positive family history (≥1 biological parent with age at AD dementia onset <80 years) or negative family history (both biological parents living to age ≥70 years in the absence of AD dementia); (2) aged 45 to 74 years at study entry (1 enrollee was aged 43 years, 3 were aged 75 years, 3 were aged 76 years, and 1 was aged 81 years); (3) availability of an informant who knows the participant well; (4) normal cognition at study entry (defined as having a Clinical Dementia Rating [CDR] 21 of 0); and (5) willingness in principle to complete all study procedures at baseline and longitudinally. Exclusion criteria include the following: (1) presence of a neurological, psychiatric, or systemic illness that might affect cognition or interfere with longitudinal follow-up; (2) a known deterministic mutation for AD; and (3) medical contraindication to lumbar puncture for CSF collection or imaging. Specific inclusion criteria for the present analyses included the availability of data from at least 2 serial clinical assessments and CSF collection procedures (mean [SD] interval between clinical assessment and CSF collection, 3.3 [3.8] years) as of September 2013; thus, this cohort represents a subset (n = 169) of ACS participants to date. All procedures were approved by the Human Research Protection Office at Washington University, and written informed consent was obtained from all participants and their informants.
Clinical and Cognitive Assessments
The presence or absence of dementia (and, when present, its severity) was operationalized with the CDR in accordance with standard protocols and criteria. 22 A CDR of 0 indicates cognitive normality, whereas CDRs of 0.5, 1, 2, and 3 are indicative of very mild, mild, moderate, and severe dementia, respectively.
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Genotyping
Using standard procedures, DNA was extracted from peripheral blood samples. Genotyping of APOE was performed by the Knight Alzheimer's Disease Research Center Genetics Core as previously described. 23 
CSF Collection and Processing
A sample of CSF (20-30 mL) was collected by routine lumbar puncture at 8 AM after overnight fasting as described. 24 Samples were processed into 500-μL aliquots and immediately frozen at −80°C.
CSF Biomarker Analyses
The eTable in the Supplement shows the details of the kit specifications and general assay performance. The CSF samples were analyzed for Aβ and tau proteins using single-analyte enzymelinked immunosorbent assays (ELISAs; research use only) from 2 different vendors. Samples were analyzed for Aβ1-40 (Aβ40), Aβ1-42 (Aβ42), total tau, and tau phosphorylated at threonine 181 (P-tau 181 ) using the Improved INNOTEST ELISA (Fujirebio Europe), a modified version of the assay most widely used in the field. In parallel, Aβ40, Aβ42, and total tau were measured at the same time (from the same sample aliquot) using a set of second-generation (precision-based and accuracy-It must be stated at the outset that the focus of this study is on the clinical utility of the biomarker and that conclusions drawn from one assay can be confirmed or qualified with data derived from another immunoassay. The well-studied INNOTEST ELISA was considered a priori to be the reference assay; therefore, INNOTEST data are shown. The VILIP-1 concentration was measured using a 2-site immunoassay (Singulex). 17 The YKL-40 concentration was measured with the MicroVue ELISA (Quidel). 16 Longitudinal CSF samples from a given individual were run on the same assay plate (and same lot number) to minimize potential interplate and interlot methodological variability. Samples underwent a single freeze-thaw cycle prior to assay, were thawed on wet ice (approximately 3 hours) prior to analysis, and were all run in duplicate. Values had to pass quality control criteria, including coefficients of variation of 25% or lower, kit controls within the expected range as defined by the manufacturer (where applicable), and measurement consistency of 2 common pooled CSF samples that were included on each plate.
In Vivo Amyloid Imaging
A subset (n = 74) of the 169 participants with longitudinal CSF analysis had also undergone longitudinal in vivo amyloid imaging via positron emission tomography (PET) with Pittsburgh compound B (PiB) [31] [32] [33] 
Statistical Analysis
Baseline demographic characteristics were summarized as mean (standard deviation) for continuous variables or number (percentage) for categorical variables. Demographic variables were compared across 3 age bins within the 2 APOE ε4 groups and between the ε4 carriers and noncarriers within each age bin using post hoc t tests within analysis of variance for continuous variables or logistic regression for dichotomous variables. To quantify the within-person annual rate of change in CSF biomarkers, general linear mixed models with random intercepts and random time slopes at the participant level were used to regress the concentrations on time from study entry (baseline). These models incorporated baseline age category, APOE category, and time from study entry as fixed effects as well as all possible higher-order interactions among these factors. This facilitated the estimation of average baseline CSF biomarker concentrations as well as their change over time separately in each of the 6 participant groups (cross-classification of 3 baseline age categories by 2 APOE categories). The resulting estimated average within-person annual rates of change in CSF biomarkers were compared among the 6 groups with model-derived approximate t tests with the approximate denominator df based on the Satterthwaite approximation. 37 Baseline comparisons between CSF biomarkers among the groups in Table 1 were also carried out within these general linear mixed models by testing the estimated average concentrations when time from study entry was equal to 0. These CSF biomarker comparisons, at baseline and on the longitudinal rate of change, were also reexamined after adjusting for family history, sex, and education by including fixed effects for these factors and their interactions with time from study entry. The general linear mixed model assumptions were evaluated via analyses of residuals. Owing to the preliminary nature of hypotheses examined in this cohort, no adjustment was made for multiplicity. For exploratory purposes, an optimal CSF Aβ42 cutoff was determined using the Youden Index after receiver operating characteristic analysis for discriminating between PiB-positive and PiB-negative individuals at baseline. For each biomarker, baseline and longitudinal comparisons between PiB-positive (PiB SUVR ≥ 1.42) and PiB-negative individuals were performed using general linear mixed models with fixed effects included for PiB category, time from study entry, and their interaction. We used SAS version 9.3 statistical software (SAS Institute, Inc) for all statistical analyses, with statistical significance defined as P < .05.
Results
Baseline data are presented in Table 1 and grouped into 6 bins: the absence (n = 108) or presence (n = 61) of at least 1 APOE ε4 allele (as an indicator of neutral and high AD risk, respectively) and middle-age bin at baseline (early [45- 17 (65) 32 (73) 22 (58) 14 (74) 11 (65) 16 (64) Positive family history, No. (%)
12 (46) 22 (50) 15 (39) 15 ( 
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Pearson r = 0.958 [95% CI, 0.949-0.965], P < .001). Although the absolute values for Aβ40 and Aβ42 differed between the assays (roughly 2-to 3-fold higher with EUROIMMUN compared with INNOTEST), absolute values for total tau were similar. Patterns of within-person biomarker changes over time were virtually identical between the 2 kits for Aβ42, total tau, and the total tau to Aβ42 ratio. However, baseline comparisons and longitudinal patterns for Aβ40 were slightly different between the kits and thus are difficult to interpret. Data for Aβ40, Aβ42, and total tau are presented for the reference assay, INNOTEST, whereas EUROIMMUN data are presented as supplementary data. The clinical observations were confirmed in both immunoassays for Aβ42 and total tau.
Baseline and Slope Analyses: CSF Biomarker Changes Occur in Middle Age
Baseline biomarker levels ( Table 1 ) and slopes of change within individuals ( Table 2) were evaluated in the 6 bins defined earlier. Slopes were calculated as the representative mean of all annual individual slopes per age bin (extrapolated to 9 years for illustrative purposes) and superimposed on the spaghetti plots of the associated individual trajectories ( Figure 1 shows the INNOTEST assay data for Aβ40, Aβ42, Aβ42 to Aβ40 ratio, total tau, P-tau 181 , and total tau to Aβ42 ratio; Figure 2 shows the data for VILIP-1 and YKL-40; eFigure 1 in the Supplement shows the EUROIMMUN assay data). Controlling for family history, sex, and education did not substantially influence the comparisons between age and ε4 categories.
Aβ40, Aβ42, and Aβ42 to Aβ40 Ratio Baseline levels of CSF Aβ40 (INNOTEST) were significantly higher in the late middle-aged group compared with the early middle-aged group in ε4 noncarriers (P = .004) ( Table 1) but decreased significantly within individuals in the early (P = .04) and mid (P = .01) middle-aged groups over time (Table 2 and Figure 1A ). In contrast, no significant differences were observed in ε4 carriers at baseline or longitudinally (Table 1 and  Table 2 ). In contrast to Aβ40, robust decreases within individuals in all age groups were observed for Aβ42 in both risk groups (Figure 1B and Table 2 ), and this pattern was detectable in many participants as early as 45 to 54 years of age. While baseline concentrations did not differ among the age groups in the ε4 noncarriers, levels in ε4 carriers were significantly lower in the mid (P < .001) and late (P < .001) middle-aged groups compared with the early middle-aged group and also significantly lower than the levels in the mid (P < .001) and late (P < .001) middle-aged ε4 noncarriers (Table 1) .
Similar to the patterns observed for Aβ42 alone, the ratios of Aβ42 to Aβ40 were significantly lower in the mid (P = .02) and late (P = .005) middle-aged groups compared with the early middle-aged group in ε4 carriers (Table 1) , and the within-person values significantly decreased over time in the 2 older age groups (both P < .001) ( Figure 1C and Table 2 ). Although baseline ratios in the ε4 noncarriers were significantly lower in the late middle-aged group compared with the mid (P = .05) and early (P = .004) middle-aged groups (Table 1) , they did not change significantly within these low-risk individuals at any age ( Figure 1C and Table 2 ).
Total Tau and P-tau 181
Baseline total tau was higher in late middle-aged participants compared with early middle-aged participants in both risk groups, with intermediate levels in the mid middle-aged participants, although differences were statistically significant only in the ε4 noncarriers (P < .001 and P = .02, respectively) ( Table 1) . Within ε4 noncarriers, total tau increased significantly over time during late middle age (P < .001), while increases were observed earlier (mid and late middle age) in the higher-risk ε4 carriers (both P < .001) ( Figure 1D and Table 2 ). Interestingly, the annual mean (SE) increase in total tau in mid middle age was significantly higher in ε4 carriers (22.28 [4.45] pg/mL) compared with ε4 noncarriers (2.84 [2.68] pg/mL) (P < .001) ( Table 2) . Results for P-tau 181 were virtually identical to those for total tau, including more robust elevations in the ε4 carriers during mid middle age ( Figure 1E and Table 2 ).
Ratios of Total Tau and P-tau 181 to Aβ42
In ε4 noncarriers, the baseline total tau to Aβ42 ratio was significantly higher in late middle age compared with both early (P = .005) and mid (P = .01) middle age (Table 1 ). In at-risk ε4 carriers, significantly higher ratios were observed even earlier (mid [P = .002] and late [P = .004] middle age) compared with early middle age ( Table 1) . Longitudinal patterns for the total tau to Aβ42 ratio were virtually identical to those of total tau, with significant within-person increases in the late middleaged group in ε4 noncarriers (P < .001) and even earlier (mid and late middle age) in the ε4 carriers (both P < .001) ( Figure 1F and Table 2 ). Patterns for the P-tau 181 to Aβ42 ratio were virtually identical to those of the total tau to Aβ42 ratio (data not shown). , consistent with earlier reports in elderly cohorts. Similar to total tau, mean baseline VILIP-1 concentration increased with age, with significantly higher levels in late middle age compared with early (P = .008) and mid (P = .03) middle age in the ε4 noncarriers (Table 1) and within-person increases over time in late middle age (P = .02) ( Figure 2A and Table 2 ). While baseline levels of VILIP-1 in the at-risk ε4 carriers at baseline were not significantly different among the age groups (Table 1) , they significantly increased longitudinally within individuals at an earlier age (mid middle age [P < .001]) compared with the ε4 noncarriers (late middle age [P = .02]) ( Figure 2A and Table 2 ). Also similar to total tau, the annual mean increase in VILIP-1 concentration in mid middle age was greater in ε4 carriers compared with ε4 noncarriers (P < .001).
Other Biomarkers of Neuronal
YKL-40 Concentration | Baseline CSF YKL-40 concentration was significantly higher in mid and late middle age compared with early middle age in both ε4 groups (all P ≤ .04) as well as in late middle age compared with mid middle age in the ε4 noncarriers (P < .001) ( Table 1) . In both groups, YKL-40 concentration significantly increased within indi- Estimated group slopes and within-person changes for Aβ40 (A), Aβ42 (B), Aβ42 to Aβ40 ratio (C), total tau (D), tau phosphorylated at threonine 181 (P-tau 181 ) (E), and total tau to Aβ42 ratio (F) are shown in the 3 age bins for APOE ε4 noncarriers (top graph of each panel; n = 108 participants) and ε4 carriers (bottom graph of each panel; n = 61 participants). Annual slopes have been extrapolated to 9 years, and each slope begins at the mean baseline biomarker value from individuals in each age bin. Group baseline values and slopes represent the estimates reported in Table 1 and Table 2 , respectively, for the different cohorts defined by baseline age in which biomarker concentrations were regressed on time from study entry. Data are from the INNOTEST enzyme-linked immunosorbent assay (Fujirebio Europe). a Slope significantly different from 0 (P < .05).
Given the known APOE ε4 gene dosage effects on the risk of AD and age at dementia onset, we evaluated biomarker trajectories as a function of ε4 allele number. The majority (82%) of ε4 noncarriers had the ε3/ε3 genotype, whereas the majority (75%) of ε4 carriers had the ε3/ε4 genotype (Table 1) . Nine participants were ε4 homozygotes (ε4/ε4 genotype). Trajectory patterns for Aβ40 did not differ as a function of ε4 allele dose (eFigure 2A in the Supplement). In contrast, patterns differed dramatically for Aβ42 (eFigure 2B in the Supplement) and the Aβ42 to Aβ40 ratio (data not shown) across the entire age range, with ε4 homozygotes falling among the lowest values, ε4 noncarriers typically falling among the highest, and heterozygotes falling in the middle range (although overlapping with many of the ε4 noncarriers). The longitudinal patterns for total tau, total tau to Aβ42 ratio, VILIP-1, and YKL-40 in ε4 carriers appeared to overlap to a greater extent with those for ε4 noncarriers (eFigure 2C-F in the Supplement). However, the number of ε4 homozygotes is too small to perform rigorous statistical analyses in the current cohort.
Association of CSF Aβ42 and In Vivo Amyloid Imaging During Middle Age
Because studies to date evaluating the concordance of CSF Aβ42 concentrations with in vivo amyloid load have focused on elderly cohorts, it was of interest to characterize this association in middle age, a time during which a subset of individuals are expected to be in the very earliest stages of preclinical AD. This analysis used data from a subset of 74 participants (n = 50 ε4 noncarriers; n = 24 ε4 carriers) within the longitudinal CSF cohort who had also undergone longitudinal in vivo PiB PET imaging within 376 days (mean [SD], 84.3 [92] days) of CSF collection. Twenty of these individuals were considered PiB positive (mean cortical SUVR ≥ 1.42) at baseline, follow-up, or both ( Figure 3A) . Of these 20 individuals, 10 (50%) were ε4 noncarriers and 10 (50%) were ε4 carriers. Although there was no significant association between the cross-sectional patterns (P = .12) or longitudinal trajectories (P = .65) of Aβ40 and cortical PiB binding ( Figure 3B ), PiB positivity was associated with low baseline levels of CSF Aβ42 (P < .001) but not longitudinal change (P = .37) ( Figure 3C ). However, 15 PiB-negative individuals (20%) had concentrations of Aβ42 that were as low as those who were PiB positive. Because low Aβ42 values could conceivably reflect low production of all Aβ species rather than an amyloidosisspecific decrease in Aβ42, we also evaluated the relationship between PiB and the Aβ42 to Aβ40 ratio ( Figure 3D) . Twelve of the PiB-negative participants (16%) had Aβ42 to Aβ40 ratios at some point that were as low as those who were PiB positive. Notably, all 4 ε4 homozygotes in this subcohort had a low Aβ42 concentration and a low Aβ42 to Aβ40 ratio at both baseline and followup ( Figure 3C and D) , including the 2 young participants (aged <55 years at baseline) who were PiB negative ( Figure 3C and D, solid black lines). The PiB-positive individuals typically had higher baseline (P < .001) and longitudinally increasing (P < .001) levels of total tau (and P-tau 181 [scatterplots not shown]) compared with those who were PiB negative ( Figure 3E ). The PiB associations with baseline (P = .04) and longitudinal (P = .004) VILIP-1 concentrations were similar to total tau but less concordant ( Figure 4A ). Being PiB positive was not significantly asso- Estimated group slopes and within-person changes for VILIP-1 (A) and YKL-40 (B) are shown in the 3 age bins for APOE ε4 noncarriers (top graph of each panel; n = 108 participants) and ε4 carriers (bottom graph of each panel; n = 61 participants). Annual slopes have been extrapolated to 9 years, and each slope begins at the mean baseline biomarker value from individuals in each age bin. Group baseline values and slopes represent the estimates reported in Table 1 and  Table 2 , respectively, for the different cohorts defined by baseline age in which biomarker concentrations were regressed on time from study entry. a Slope significantly different from 0 (P < .05). b Slope significantly different between APOE ε4 groups within a given age group (P < .05).
Aβ42 Cutoff as Estimated Using PiB at Baseline
Using only baseline CSF and PiB obtained within 376 days (mean [SD] , 89.9 [95] days), a slightly larger subcohort of 105 participants was used to calculate a cutoff for CSF Aβ42 (INNOTEST) based on PiB positivity. The optimal cutoff in this . The duration of follow-up did not differ significantly between the groups (P > .05). All individuals who progressed to a CDR higher than 0 were older than 61 years at baseline. There was no apparent relationship between baseline or longitudinal trajectories of Aβ40 and cognitive status ( Figure 5A ). In contrast, the majority of progressors exhibited low Aβ42 ( Figure 5B ) and Aβ42 to Aβ40 ratio (data not shown) at baseline and follow-up and high total tau and total tau to Aβ42 ratio ( Figure 5C and D) . Patterns of VILIP-1 and YKL-40 did not appear to differ between the clinical groups ( Figure 5E and F). However, the number of clinical progressors is too small to perform rigorous statistical analyses in the current cohort.
Discussion
Our results demonstrate the following: (1) levels of CSF Aβ42 in some cognitively normal individuals decrease over time, starting as young as early middle age (45-54 years); (2) in mid middle age (55-64 years), reductions in Aβ42 are associated with the development of PiB-positive amyloid plaques; (3) elevations in neuronal injury markers total tau, P-tau 181 , and (to a lesser extent) VILIP-1 increase dramatically in some individuals in mid and late (65-74 years) middle age; (4) the gliosis/ neuroinflammation marker YKL-40 increases throughout middle age; (5) these biomarker changes are observed in both risk groups defined by APOE genotype but are more evident in ε4 carriers and (for amyloid-related measures) in an allele dose-dependent manner; and (6) these AD-consistent trajectories are not clinically benign but instead are associated with future cognitive decline. These observations were confirmed in both evaluated immunoassays for Aβ42 and total tau. Reductions in CSF Aβ42 concentration within certain individuals throughout middle age suggest an ongoing pathological process that for some people starts quite early (ages 45-54 years). Levels may begin to decrease even earlier, but additional investigation in younger cohorts is needed to test this hypothesis. During middle age, the timing of this decrease is influenced by ε4 allele dosage, consistent with studies demonstrating a major influence of APOE genotype on Aβ aggregation and clearance. 38, 39 Baseline and follow-up Aβ42 levels are among the lowest in ε4 homozygotes compared with heterozygotes and ε4 noncarriers, with reductions evident at earlier ages. Such effects are consistent with the ε4 dosage effects on age at dementia onset. Regardless of when Aβ42 levels begin to decrease during the preclinical period, these decreases did not coincide with the presence of amyloid detectable by PiB PET until mid middle age. The Aβ42 level was stably low or beginning to decline in some individuals while cortical PiB binding was still below the threshold of positivity, and PiB binding did not begin to increase until the CSF Aβ42 level was already relatively low. Thus, it seems likely that Aβ42 aggregation can be detected earlier with CSF analysis than with cortical PiB PET imaging, consistent with recent studies in autosomal dominant AD. 9, 41 This is highlighted by 2 high-risk early middle-aged ε4 homozygotes who had stable, low Aβ42 levels (and Aβ42 to Aβ40 ratios) in longitudinal samples but were PiB negative. This observation may reflect sequestra- tion of Aβ42 into oligomeric forms undetectable with the current assays or its deposition in nonfibrillar (PiB-negative) diffuse plaques. In support of the latter, low CSF Aβ42 concentration in the absence of PiB positivity has been reported in a case in which numerous diffuse plaques, but few neuritic plaques, were observed at autopsy. 42 However, the early middle-age bin of the longitudinal PiB subcohort is quite small; subregional PiB analyses and evaluation of future longitudinal PiB scans in ACS participants are necessary to rigorously evaluate PiB changes in early middle age. The calculated CSF Aβ42 cutoff in this cohort is quite high at 1041 pg/mL, higher than previously reported using the INNOTEST kit (typically 450-650 pg/mL). 24, 43, 44 This apparent discrepancy may reflect the younger age of the ACS cohort. Most likely it reflects the fact that we used a newer modified, improved INNOTEST assay. This cutoff is not suggested for clinical use but was instead provided to evaluate amyloid positivity using CSF measures-similar to protocols being considered for enrollment in AD prevention trials. Using this cutoff, 51 of the 169 participants (30%) would be considered amyloid positive and eligible for clinical trial enrollment based on baseline CSF Aβ42 concentration alone.
Further longitudinal follow-up is needed to determine what percentage of these individuals will present with cognitive decline, which will in turn enable analysis of the efficacy of CSF Aβ42 concentration at baseline for determination of preclinical AD. In contrast to the early changes in Aβ42, increases in total tau, P-tau 181 , and VILIP-1 are typically not apparent until later (ages ≥55 years). Notably, the rate of increase was significantly greater in the ε4-carrying at-risk group during mid middle age, coincident with continuing, robust decreases in Aβ42 level. It was in this age range that many participants with the AD biomarker pattern began to exhibit cognitive decline. Interestingly, the absolute slopes (ie, rates of increase) of these neuronal injury markers in the ε4 carriers actually decreased from mid to late middle age. This pattern is consistent with a potential slowing of an earlier robust phase of neuronal injury or perhaps reflects neuronal dysfunction that adversely affects the normal cellular secretion or release of these proteins. It will be interesting to determine whether this pattern is also observed in those at lower risk (ε4 noncarriers), albeit at older ages, how it compares with proposed early markers of synaptic function currently in development, and whether this proposed slowing continues into the symptomatic phase as has been reported in individuals with autosomal dominant AD 10 and late-onset AD dementia. 45 The rate accelerations in these markers at mid middle age observed here in the at-risk group are consistent with the concept of an agerelated transition between stage 1 (amyloid alone) and stage 2 (amyloid plus neuronal injury) of preclinical AD proposed by the National Institute on Aging-Alzheimer's Association Preclinical AD Working Group. 46 Although these proposed stages are currently defined by biomarker measures obtained at a single point in time, it is possible that a longitudinal biomarker metric may have more utility. This hypothesis awaits further investigation. The consistent pattern of increases in YKL-40 level in all age bins suggests that neuroinflammation/gliosis (the hypothesized cause of the increase in YKL-40 level) is a process that occurs normally with aging. However, the particularly robust increases observed in at-risk ε4 carriers during mid middle age suggest that this age-related process may be further exacerbated in the presence of insults including amyloid deposition and neuronal injury. Whether this neuroinflammatory process contributes to the concomitant increase in neuronal injury or is a result of such injury remains to be determined.
This study is not without limitations. As by design the ACS cohort enrolls participants with and without family history of AD for longitudinal imaging and CSF biomarker studies, participants may not be representative of the general population. Despite the large number of participants in this unique cohort, there are fewer in the ε4-carrying group, and most participants at the time of analysis had only 2 longitudinal samples available. While some individuals had 10 years of clinical follow-up, others had only 4. Although the results provide support for a scenario in which changes in amyloid-related processes precede those of tau or other neurodegeneration-related processes, additional analyses during a longer period are required to determine the precise sequence of biomarker changes within a given individual. Furthermore, as expected in such a young, asymptomatic cohort, relatively few participants in this initial report had received a CDR greater than 0 during follow-up. Continued evaluation of longer clinical follow-up will provide an opportunity to better elucidate the biomarker patterns in middle age that predict future cognitive decline.
Conclusions
The present groupwide analyses are supportive of a preclinical period of AD in which biomarker patterns consistent with underlying disease pathology are first detectable during middle age, the timing of which is influenced by APOE genotype, with amyloid changes occurring prior to neuronal injury. However, proposals to use biomarkers in clinical settings require demonstration of their utility on a patient-by-patient basis. Importantly, our preliminary findings of an association between CSF biomarker positivity in specific individuals who go on to develop cognitive deficits within a few years provide support for such potential use.
